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A B S T R A C T 
The possible mobilization conditions of lead compared to other heavy metals (Zn and Cr) in four forest soil profiles was studied by sequential 
extraction to verify the relatively high lability of lead in soils at the woodlands of an undisturbed area (Cserhát Mts., NE Hungary). 
The results show that lead can be mobilized in a wide range of environmental conditions. The most significant amount of lead can be bound 
to the residual fraction (26-57%), but the role of organically bound fraction (16-49%) and amorphous oxide bound fraction (11-28%) is also 
important in binding Pb. Contrarily, the mobilization of the other studied metals is restricted in these profiles. 
Metal/Ti ratios show that lead has been significantly redistributed during the soil formation and it is presented in more labile form as 
compared to the other studied metals in the profiles. These differences can be resulted by the different source minerals of the studied metals 
on one hand, or by an external lead source on the other. 
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INTRODUCTION 
Lead is widely distributed in the environment, primarily 
because of anthropogenic contamination. The largest lead 
emissions to the atmosphere occurred between 1950 and 
1990 because of its combustion in Pb-containing petrol, but 
many other anthropogenic sources contribute to the lead 
distribution, such as metal smelting, coal burning, or the 
using of sewage sludge and commercial fertilizers in 
agriculture (Adriano 1986). In addition, there are natural 
sources of Pb deposition, as well, such as windborne soil 
particles, volcanic dust, sea spray, forest foliage and several 
biogenic processes (Settle and Patterson 1980). 
Most recent results on atmospheric heavy metal 
deposition (Ötvös et al. 2003) show relatively low 
atmospheric Pb deposition in Hungary as compared to the 
other European countries (14.8 mg/kg on mosses). Higher 
concentrations (up to 126.7 mg/kg) were measured only 
close to industrial areas and roads characterized by intense 
traffic. Szalai (1998) found an approximate 1-3% increase 
per year in the Pb content of the topsoil on the Isle of 
Háros, Budapest. As compared to the results of other 
studies referring to Middle-Europe (e.g. Friedland et al. 
1984, Sturges and Barrie 1989) 2-3 times lower 
atmospheric lead deposition were measured in Hungary (81 
g/ha per year and 77 g/ha per year by Molnár et al. (1993) 
and Mészáros et al. (1993), respectively) showing its spatial 
and temporal heterogeneity. The enhanced lead 
concentrations of anthropogenic origin may result in 
Fig. I. Sketch map of the sampling sites 
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changes of lability and bioavailability of this element in 
soils (Asami et al. 1995). 
In forest soils of the Cserhát Mts., Sipos (2003) found a 
relative high bioavailability of lead as compared to other trace 
metals, such as Cu, Ni and Zn. In this paper the possible 
mobilization conditions of lead is studied as compared to a 
relatively mobile (Zn) and also to an immobile (Cr) heavy 
metal to verify the relatively high lability of lead in soils at the 
woodlands of an undisturbed area. Soil profiles developed 
from different parent materials were sampled to avoid the 
similarities in mineralogical and chemical compositions of the 
studied soils. 
M A T E R I A L S A N D M E T H O D S 
Four forest soil profiles were sampled to study the 
mobilization conditions of Pb as well as Zn and Cr. All of the 
studied profiles are Luvisols (Driessen et al. 2001) with silt 
loam texture, and are found in the Cserhát Mts., NE Hungary 
in short distance from each other (Fig. 1). The detailed 
characterization of the studied soil profiles can be found in 
Table 1 and also in the papers by Sipos (2003 and 2004). The 
variation of Ti/Zr ratios (Milnes and Fritzpatrick 1989) in the 
studied soil profiles with depth show the homogeneity of 
soils and parent materials. 
Sequential extraction method after Li et al. (1995) was 
used to characterize the possible mobilization conditions of 
metals in the studied profiles. Five fractions were separated 
in five steps as follows: (1) exchangeable with MgCl2 (EX); 
(2) bound to carbonates or specifically adsorbed, extracted 
by NaOAc (SAC); (3) bound to Fe-Mn oxides, extracted by 
N H 2 O H HCl (OX); (4) bound to organic matter and 
sulphides, extracted by H 2 0 2 and H N 0 3 (ORG); and (5) 
residual, extracted by HN0 3 , HC104 and HF (RES). 
Concentrations of the studied metals in the solutions were 
analyzed by ICP-AES method (Jobin Yvon Ultima 2 
Sequential ICP). 
According to Johnson and Petras (1998) the EX, SAC, 
OX and ORG fractions can be interpreted as being pedogenic 
and labile. On the other hand metals in RES fraction are 
tightly bound in silicate mineral lattices or in crystalline 
oxide minerals. Metals released through weathering or 
deriving from anthropogenic sources are assumed to be 
soluble initially and it can not be added to the crystalline 
fraction, therefore they enter to the EX and SAC soil pool 
(Han et al. 2001). Based on these assumptions, we estimated 
the mobilization of metals by the estimating the depletion of 
metals from the crystalline fraction (RES). According to the 
suggestion of McBride et al. (1999), it can be estimated by 
using a relatively immobile element as an index, such as Ti. 
The total concentrations (TOT) and the amounts in RES 
fraction of metals were "normalized" as follows: ( M T O T OR 
RES)N = ( M A or E or B/Mc)-(TiA or E or B/Tic), where M is metal 
concentration (Pb, Zn, Cr) and A, E, B, C are genetic soil 
horizons. The Ti and Zr contents of samples were determined 
by a Philips PW1410 X-ray fluorescence spectrometer. 
R E S U L T S A N D D I S C U S S I O N 
Total metal contents and their distribution in the studied soil 
profiles 
The mean total lead content of the studied soil samples is 
30.6 ± 7.5 mg/kg, which is in the range observed world-wide 
in different soils (Siegel 2002). Highest concentrations were 
found in the soil over andesite (PI6) with a relatively small 
deviation (33.6 ± 2.8 mg/kg), while the soil over siltstone 
(P13) and calcareous sandstone (PI5) are characterized by 
similar lead concentrations with relatively high deviation 
Table /. Some physico-chemical properties of the studied soil profiles. 
Profile Horizon Depth Munsell pH TOC* Carb* Texture* Ti Zr Ti/Zr 
Bedrock cm color (H 2 0) % % Sand Silt Clay mg/kg 
P09 A 0-5 10YR3/4 5.66 6.74 - 41 51 8 4 495 ± 6 1 302 ± 11 15 
calca- E 5-20 7.5YR5/8 6.39 0.92 - 38 55 7 5 195 ± 3 2 252 ± 12 21 
reous B 20-40 10YR5/8 6.85 0.39 - 26 62 12 4 512 ± 30 323 ± 13 19 
siltstone BC 40-60 10YR6/8 8.08 <0.10 10 37 54 9 3 962 ± 60 194 ± 6 20 
C 60-75 2.5YR6/4 8.41 <0.10 25 43 50 7 2 792 ± 55 155 ± 4 18 
P13 A 0-45 10YR4/2 5.49 2.31 - 15 75 10 5 679 ± 47 403 ± 2 14 
siltstone E 45-60 2.5YR5/2 5.05 0.25 - 9 77 13 5 4 8 5 ± 1 2 3 288 ± 3 19 
B 60-150 7.5YR5/2 5.05 0.20 - 8 74 18 4 730 ± 1 4 252 ± 2 19 
C 150-200 2.5YR6/2 5.41 0.14 - 8 79 13 4 773 ± 8 253 ± 4 19 
PI 5 A 0-30 10YR3/3 5.27 3.48 - 29 61 10 5 340 ± 44 401 ± 12 13 
calca- E 30-40 7.5YR4/4 5.27 1.06 - 10 77 13 5 532 ± 18 350 ± 3 16 
reous B 40-100 10YR5/4 5.67 0.78 - 7 76 17 5 198 ± 2 3 343 ± 10 15 
sandstone C 100-120 10YR6/4 7.84 <0.10 40 31 60 9 2 368 ± 3 8 160 ± 4 15 
P16 A 0-40 10YR3/3 5.84 2.29 - 24 67 9 7 1 3 3 ± 1 8 6 439 ± 2 16 
andesite E 40-60 7.5YR4/2 6.30 1.05 - 4' 87 9 7 301 ± 160 522 ± 11 14 
B 60-130 10YR5/6 6.03 0.35 - 4 82 14 6 093 ± 88 362 ± 10 17 
C 130-150 2.5YR5/4 6.12 <0.10 - 6 82 12 6 340 ± 54 370 ± 13 17 
*TOC was analyzed by Rock-Eval method (Delsi Oil Show Analyzer), carbonate (carb) content by XRD analyses (Philips 
1710), texture by the pipette method, Ti and Zr concentrations by XRF analyses 
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(31.7 ± 6 and 30.5 ± 12 mg/kg, respectively), and the lowest 
lead contents were measured in the soil over calcareous siltstone 
(P9) with a relatively high deviation (25.1 ± 9.6 mg/kg). The 
similar lead concentrations of these soils developed on different 
litholgies shows that the parent rock does not influence the 
concentration of lead in the studied profiles significantly. 
The variation of lead concentration in the studied profiles 
show in each case the same distribution: the amount of this 
metal decreases with depth (from 34.3 to 15.2 in P9, from 
40.0 to 32.4 in P13, from 41.9 to 18.1 in P15, and from 37.4 
to 31.4 mg/kg in PI6), in spite of the fact that in the studied 
soils the downward leaching is the most significant 
pedogenic process resulting an accumulation in the B 
horizon. The amount of this metal in the surface horizon can 
be as high as twice of the value in the C horizons. The 
downwards decreasing lead content suggests the strong 
association of Pb to soil organic matter or its potential 
enrichment from external sources, which corresponds with 
the observations of Johnson and Petras (1998) and Sanchez-
Camazano et al. (1998), as well as Fujikawa et al. (2000). 
According to Hansmann and Koppel (2000) the often 
considerably high Pb content of surface soil horizons is 
attributed to organic matter accumulation on the surface due 
to plant dry matter recycling rather than anthropogenic 
sources. However, Pb of anthropogenic origin exhibits the 
same accumulation pattern on the surface layer. 
The mean total zinc (70.1 ± 1 1 . 4 mg/kg) and chromium 
(75.7 ± 14 mg/kg) content of the studied soils are also in the 
range reported for soils by other studies (Siegel 2002). There 
are only little differences among the Zn and Cr content of the 
studied profiles, which is also shown by the small relative 
deviations. The distribution of these metals with depth is 
mostly uniform, only a weak depletion in the C horizons of 
soils developed on calcareous parent material, as well as a 
weak enrichment on andesite was found showing the effect 
of parent materials. The uniform distribution type suggests 
the presence of these metals in minerals highly resistant to 
weathering. 
Mobilization conditions of heavy metals in the studied soil 
profiles 
Sequential extraction studies were performed on three 
parallel samples from each of the different genetic horizons 
of the four studied profiles (Table 2. and Fig. 2.). The results 
show that the most significant amount of metals can be 
bound to the RES fraction (26-62% of lead, 75-91% of zinc 
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Fig. 2. Distribution of the studied metals among the different extracted fractions (ADS = adsorbed, OX = amorphous oxide bound, 
ORG = organically bound, RES = residual). The figure also shows the total metal contents of the studied samples in mg/kg. 
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Table 2. Results of sequential extractions and the titanium content of the studied soil samples. 
Element Step Profiles/Horizons 
P9 P13 P15 P16 
A B C A B C/l C/2 A B C A E B C 
Pb 1 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 
2 3.9 ±0 .3 0.6 ±0 .2 <0.28 <0.28 1.2 ±0 .2 1.1 ±0 .2 0.6 ±0 .2 1.6 ±0 .2 0.4 ± 0.2 <0.28 <0.28 <0.28 <0.28 <0.28 
3 9.2 ± 0.5 6.5 ±0 .2 3.7 ±0 .2 16.7 ± 0 . 8 4.2 ±0 .1 4.4 ±0.1 6.6 ±0 .2 10.1 ±0 .6 5.7 ±0 .4 4.1 ±0 .2 9.4 ± 0.8 9.2 ±0 .1 6.3 ±0 .1 5.4 ± 0 . 3 
4 6.4 ± 0.3 1.9± 0.1 0.6 ±0 .01 7.9 ±0 .2 2.4 ± 0.1 2.8 ±0 .2 2.6 ±0 .6 9.2 ± 0.7 3.1 ± 0 . 3 0.9 ±0 .05 6.6 ± 0.04 6.1 ± 0 . 3 3.5 ±0 .3 3.4 ±0 .1 
5 14.8 ± 1.7 16.8 ±3 .0 10.9 ±0 .3 15.4 ± 1.1 19.5 ±0 .1 19.1 ± 1.3 22.6 ± 1.7 21.1 ±0 .6 22.4 ±2 .4 13.0 ± 1.3 21.4 ± 1.2 18.8 ± 1.1 21.9 ± 2.5 22.5 ± 1.1 
Sum 34.3 ± 2 . 9 25.8 ±3 .5 15.2 ±0 .5 40.0 ±2 .0 27.2 ±0 .7 27.4 ± 1.9 32.4 ±2 .5 41.9 db 2.1 31.5 ± 3.3 18.1 ± 1.5 37.4 ± 2.0 34.0 ± 1.5 31.7 ± 2.9 31.4 ± 1.5 
Zn 1 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 
2 1.9 ±0 .7 0.3 ±0 .2 0.1 ±0 .1 0.9 ± 0 . 5 0.03 ± 0.03 0.3 ± 0 . 3 0.3 ± 0 . 2 0.5 ± 0 . 4 0.9 ± 0 . 2 <0.02 0.6 ± 0 . 5 1.1 ± 0 . 1 0.1 ± 0.1 0.3 ± 0 . 3 
3 13.4 ±0 .4 8.4 ± 0 . 3 7.1 ±0 .1 11.6 ±0 .2 6.6 ±0 .05 6.5 ± 0.3 7.0 ±0 .5 10.5 ± 0 . 3 4.7 ± 0 . 3 3.7 ± 0.1 9.7 ±0 .4 9.6 ± 0.4 5.7 ±0 .3 8.0 ±0 .4 
4 5.4 ±0 .3 1.7 ± 0.5 1.2 ± 0.1 3.2 ±0 .6 2.9 ± 0 . 3 3.1 ±0 .2 2.7 ± 0 . 3 1.7 0.1 1.2 ±0 .6 0.6 ± 0.4 1.8 ±0 .4 1.6 ±0 .4 1.4 ±0 .6 2.4 ± 0.8 
5 60.1 ±2 .3 72.7 ± 5.4 46.5 ± 1.1 45.6 ± 1.3 71.8 ± 3.1 67.5 ± 1.5 77.8 ± 3.2 54.7 0.4 62.6 ±2 .5 42.8 ± 0.2 57.1 ±0 .4 49.8 ± 1.3 61.8 ± 2.5 60.5 ± 0.4 
Sum 80.7 ±3 .8 83.1 ± 6.5 54.9 ± 1.4 61.3 ±2 .6 81.3 ± 3 . 8 77.4 ±2 .5 87.8 ±4 .4 67.3 1.4 69.4 ± 3.6 47.0 ± 0.7 69.1 ± 1.7 62.1 ± 2.2 68.9 ±3 .5 71.3 ± 1.9 
Cr 1 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
2 0.6 ± 0.04 1.7 ±0 .7 0.7 ±0.1 0.6 ±0.05 0.6 ±0 .02 0.5 ± 0.03 0.4 ± 0.02 0.9 0.1 0.7 ±0 .2 0.4 ± 0.04 0.6 ±0 .05 0.7 ±0 .1 0.6 ±0 .03 0.7 ±0 .05 
3 2.0 ±0 .1 5.7 ± 0 . 3 4.0 ±0 .1 2.5 ±0 .1 2.9 ±0 .01 2.7 ± 0.05 2.8 ± 0.1 2.7 0.1 3.3 ±0 .2 3.1 ±0 .01 3.4 ±0 .2 3.8 ±0 .2 4.1 ±0 .1 4.1 ± 0.1 
4 8.0 ±0 .7 2.8 ±0 .04 1.8 ±0.02 3.4 ±0 .1 2.3 ±0 .1 2.1 ±0 .1 2.0 ±0 .04 4.8 0.3 3.0 ±0 .04 1.6 ± 0.1 3.9 ±0 .1 4.2 ± 0.4 3.0 ± 1.1 2.3 ± 0.1 
5 69.9 ± 1.2 86.5 ± 0.9 56.7 ±3 .7 60.3 ±2 .9 85.0 ± 5 . 3 81.5 ± 10.6 89.9 ±2 .0 59.6 2.7 71.7 ± 2.8 42.7 ± 2.0 62.7 ±5.1 53.5 ± 7.7 64.1 ±9 .5 74.5 ± 1.4 
















Sum = total metal concentrations summarized from the 1-5 extraction steps 
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and 87-94% of chromium). The role of 
RES fraction in binding heavy metals 
increases with depth in each studied 
profile showing the increasing effect of 
soil parent material on the distribution 
of metals. Similar phenomenon was 
found both in natural (Arunachalan et 
al. 1996, Palumbo et al. 2000) and 
contaminated (Li et al. 2000) soils. 
According to the metal proportions 
bound to the RES fraction it can be 
stated that Pb is more labile than Zn or 
Cr. As compared to other studies 
(Tyler 1978, Plant and Raiswell 1983, 
Fujikawa et al. 2000) the lead shows 
unexpected high lability, this may be 
due to the different sources of the 
studied metals. In general, metals of 
anthropogenic origin are mostly found 
in labile fractions of soil as compared 
to metals inherited from the soil parent 
material (Asami et al. 1995). 
The role of ORG fraction in 
binding metals is the most important in 
the case of lead (16-49% of total lead 
can be bound to it), while only a few 
percent of zinc and chromium can be 
bound to this fraction. In general, the 
amounts of Pb in this fraction decrease 
with depth in the studied soil profiles 
suggesting the relation between lead 
and organic matter. However, the 
highest metal amounts in ORG fraction 
are not always in the horizons having 
the highest organic matter content. The 
metal adsorption capacity of soil 
organic matter depends not only on its 
quantity but also on its quality 
(Fujikawa and Fukui 2001). For 
example humic acid is highly resistant 
to weathering, and its proportion in the 
soil organic matter highly influences 
the adsorption capacity (Schnitzer 
1995). 
Significant amount of lead (11-28%) 
and zinc (7-19%) can be bound to OX 
fraction, while in the case of chromium 
its role is secondary, only 1-6% of this 
metal is bound to this fraction. The co-
precipitation and the subsequent 
adsorption of heavy metals by 
amorphous iron and manganese oxides 
is a well known phenomenon in soils 
(Taylor and McKenzie 1996, Maskall 
and Thornton 1996 etc.). The role of 
SAC fraction in binding the studied 
metals is negligible. Significant lead 
amount (12%) can be only bound to this 
fraction in the A horizon of soil P9. 
The mobilization conditions of the 
studied metals shows similarities in the 
Table 3. The normalized values of the total and residual lead, zinc and chromium 
concentrations. 
Profile Horizon (PbTOi)N (PbREs)N (ZnT0T)N (ZnREs)N (CrT0T)N (CrRES)N 
P9 A -0.2547 0.6433 -0.3179 -0.1383 -0.3764 -0.3361 
B -0.0844 0.0726 -0.0552 -0.1042 -0.0927 -0.0885 
C 0.00 0.00 0.00 0.00 0.00 0.00 
P13 A -0.5149 0.0371 -0.6099 -0.4972 -0.5248 -0.4942 
B -0.1351 -0.1574 -0.0725 -0.0693 -0.0498 -0.0416 
C/l -0.1659 -0.1652 -0.1431 -0.1290 -0.1034 -0.0976 
C/2 0.00 0.00 0.00 0.00 0.00 0.00 
P15 A -0.7560 0.0598 -0.9772 -0.8228 -0.8574 -0.8318 
B -0.5210 -0.4536 -0.7309 -0.7178 -0.5157 -0.5484 
C 0.00 0.00 0.00 0.00 0.00 0.00 
P16 A -0.1745 0.0689 -0.1820 -0.1548 -0.2836 -0.2613 
E -0.3155 -0.0660 -0.3287 -0.2803 -0.4342 -0.3899 
B 0.0100 0.0489 0.0600 0.0058 -0.1008 -0.0825 
C 0.00 0.00 0.00 0.00 0.00 0.00 
different soil profiles suggesting 
similar effects forming their distri-
butions in these soils. The high lability 
of lead is unexpected; in addition this 
metal can be mobilized in a wide range 
of environmental conditions. These 
results suggest significant redistri-
bution of lead during the. pedogenic 
processes as compared to zinc and 
chromium. The lack of this kind of 
redistribution in the case of zinc 
(which is known as a mobile metal in 
soil conditions) rises the differences in 
source minerals of the studied metals 
or the presence of an external lead 
source, which comes the lead in phases 
weakly resistant to weathering from. 
Normalized distribution of the different 
metal fractions in the studies profiles 
The Ti-normalized metal concen-
tration values show the degree of 
redistribution of metals in soil. These 
values were calculated for the total 
metal amounts and for the metal 
concentrations in RES fraction, as well 
(Table 3). The normalized distribution 
of chromium and zinc concentrations, 
as well as of the residual lead amount 
show a decreasing mobilization with 
depth in each studied profile (Fig. 3). 
In the P16 profile the highest depletion 
of the studied metals has been found in 
the E horizon due to the intense 
leaching from this horizon. This trend 
corresponds to the increasing effect of 
soil parent material downwards, and 
inversely, to the increasing effect of 
weathering and pedogenic processes 
upwards. The similarity of the 
normalized total and residual 
concentration values indicates that the 
mobilization of Zn and Cr is restricted 
in these profiles, and the weathering of 
phases containing these metals is not in 
advanced stage. The zinc shows a 
slight mobilization only in the case of 
profile P9. 
The normalized distribution of 
PbToT shows a different trend as 
compared to the other metals. The total 
lead concentration shows relative 
enrichment in the upper horizons of all 
the studied soil profiles. This 
enrichment is the most significant in 
the case of P9 profile, where this 
phenomenon is present in the B 
horizon, as well. However, there is 
only a slight lead enrichment in the 
other three profiles. These differences 
can be due to the erosion of the upper 
soil horizons, or, in the case of an 
external lead source its heterogeneity. 
Variation of metal/Ti ratios shows 
that lead has been significantly 
redistributed during the soil formation 
and it is presented in more labile form 
as compared to the other studied metals 
in the profiles. These differences can 
be resulted by the different source 
minerals of the studied metals on one 
hand, or by an external lead source on 
the other. In the first case, the detailed 
chemical characterization of soil 
minerals should be performed to 
determine the source phases of the 
studied metals, e.g. by heavy mineral 
separation. In general, Pb occurs in 
soils as discrete minerals, but since it 
can replace K, Sr, Ba and even Ca and 
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Fig. 3. Normalized distributions of total and residual metal concentrations in the studied soil profiles. P9, P13, PI 5 and PI 6 are 
the numbers of the studied profiles 
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Na, it can be fixed in the mineral lattice of silicates, which 
can be also weakly resistant to weathering (such as feldspars) 
(Nriagu 1978). Taking the geological and pedological 
characteristics of the study area into account, in the case of 
an external lead source, the natural origin of mobile lead is 
not probable. However, the verification of anthropogenic 
lead and the determination of its ratio to natural lead content 
of these soils need further studies, which may be based on 
lead isotope analyses (Erel et al. 1997, Weiss et al. 1999). 
CONCLUSIONS 
The lead presents unique distribution type and 
redistribution characteristics in the studied soil profiles. The 
results show that the effect of soil parent material on the 
concentration and distribution of lead was significantly 
overwritten by pedogenic processes (or even anthropogenic 
influences). 
The enrichment of lead in the upper horizons of these 
soils, its unexpected high lability (or extractability) and 
intense redistribution and mobilization as compared to other 
heavy metals (primarily to zinc) all suggest the presence of 
different lead source. 
These differences can be resulted by the different source 
minerals of the studied metals on one hand, or by an external 
lead source on the other. The determination of the exact 
reason of the increased lability and bioavailability of this 
highly toxic heavy metal needs further studies. 
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